Context. The properties of variable stars can give independent constraints on the star formation history of the host galaxy, by determining the age and metallicity of the parent population. Aims. We investigate the pulsation properties of 84 Anomalous Cepheids (ACs) detected by the OGLE-III survey in the Large Magellanic Cloud (LMC), in order to understand the formation mechanism and the characteristics of the parent population they came from. Methods. We used an updated theoretical pulsation scenario to derive the mass and the pulsation mode of each AC in the sample. We also used a Kolmogorov-Smirnov test to analyze the spatial distribution of the ACs, in comparison with that of other groups of variable stars, and connect their properties with the star formation history of the LMC. Results. We find that the mean mass of ACs is 1.2 ± 0.2M ⊙ . We show that ACs do not follow the same spatial distribution of classical Cepheids. This and the difference in their period-luminosity relations further support the hypothesis that ACs are not the extension to low luminosity of classical Cepheids. The spatial distribution of ACs is also different from that of bona-fide tracers of the old population, such as RR Lyrae stars and population II Cepheids. We therefore suggest that the majority of ACs in the LMC are made of intermediate-age (1-6 Gyr), metal-poor single stars. Finally, we investigate the relation between the frequency of ACs and the luminosity of the host galaxy, disclosing that purely old systems follow a very tight relation and that galaxies with strong intermediate-age and young star formation tend to have an excess of ACs, in agreement with their hosting ACs formed via both single and binary star channels.
Introduction
Anomalous Cepheids (ACs) are short-period variable stars (from a few hours to two days), located on the colour-magnitude diagram ∼ 1 mag above the horizontal branch, at colours similar to those of RR Lyrae stars (Bono et al. 1997) . Their properties can be explained by assuming that they are relatively massive (1−2M ⊙ ), core-He burning stars in a very low-metallicity regime that ignite helium under partial electron-degeneracy conditions (Z ∼ < 0.0008, Renzini et al. 1977; Castellani & degl'Innocenti 1995; Bono et al. 1997; Caputo et al. 2004; Fiorentino et al. 2006) .
ACs have been observed in many nearby Local Group dwarf galaxies that were surveyed for short time variability, independently of the morphological type. Typically, nearby dwarfs host a few of them. They have been observed in purely old systems (age ∼ > 9 − 10 Gyr), such as in the dwarf spheroidal (dSph) satellites Sculptor (3 ACs, Smith & Stryker 1986; Kaluzny et al. 1995) , Sextans (6, Mateo et al. 1995) , LeoII (4, Siegel & Majewski 2000) , Ursa Minor (7, Nemec et al. 1988) , Draco (10, Harris et al. 1998; Kinemuchi et al. 2008) , and also in isolated dSphs, like Cetus (8, Bernard et al. 2009 , Monelli et al. 2012 , and Tucana (6, Bernard et al. 2009 ). However, they have also been found both in dSph galaxies with a large intermediateage population (hereinafter, 1 − 6 Gyr), such as Fornax (17, Bersier & Wood 2002) , Carina (15, Dall'Ora et al. 2003) , and LeoI (15, Hodge & Wright 1978) and in gas-rich dwarfs such as Phoenix (12, Gallart et al. 2004b ). The cases of Leo A and NGC 6822 are not as clear, for the coexistence of ACs and shortperiod classical Cepheids (Hoessel et al. 1994; Dolphin et al. 2002; Baldacci et al. 2005) . Furthermore, some have been identified in four satellites of M31 (Pritzl et al. 2002 (Pritzl et al. , 2004 (Pritzl et al. , 2005 for which the star formation history and the the population content is still uncertain. Recently, three ACs have been proposed as candidates in the ultrafaint dwarf CVenI (Kuehn et al. 2008 ), However, nearby galaxies, especially the spheroidal satellites of the Milky Way, typically occupy large areas of the sky, so that probably the actual census is far from complete. On the other hand, ACs are very rare in globular clusters: so far, only one candidate has been confirmed in the metal-poor ([Fe/H] ∼ −2 dex) NGC 5466 (Zinn & Dahn 1976) , and a few others have been suggested (Corwin et al. 1999; Arellano Ferro et al. 2008; Kuehn et al. 2011 ).
The largest sample of ACs in nearby systems (83) has been collected for the LMC in the framework of the OGLE-III project (Optical Gravitational Lensing Experiment, Udalski et al. 2008) . In a series of papers devoted to the analysis of thousands of variable stars in the LMC (classical Cepheids, Soszyński et al. 2008b ; ACs and population II Cepheids, Soszyński et al. 2008c ; RR Lyrae, Soszyński et al. 2009a ; long-period variables, Soszyński et al. 2009b) , the OGLE-III experiment released the V, I photometry, pulsation properties, and well-sampled light curves for variables with periods from a few hours to hundreds of days. In this paper, we take advantage of this rich data base to investigate the nature of ACs within the global picture depicted by the star formation history and chemical evolution available nowadays (e.g. Carrera et al. 2008; Harris & Zaritsky 2009; Saha et al. 2010; Cioni et al. 2011; Carrera et al. 2011) for the LMC.
In fact, even though ACs identify a population of stars in a well-defined mass range, the origin of their progenitors is still being debated. If they are the result of the evolution of single stars, then they trace a relatively young event in the star formation, which occurred from ∼ 1 to 6 Gyr ago (Demarque & Hirshfeld 1975; Norris & Zinn 1975; Castellani & degl'Innocenti 1995; Caputo et al. 1999) . On the other hand, it has been proposed that they are the evolution of blue straggler stars (BSS), formed via mass-exchange in binary systems (Renzini et al. 1977; Sills et al. 2009 ) that survived in low-density environments, so ACs are tracers of the old, metalpoor population. The discovery of 83 ACs in a relatively metalrich (Z = 0.008) environment such as that of the LMC makes this picture even more puzzling.
In this work, we present the approach based on pulsation models built ad hoc for this class of variable stars Caputo et al. 2004; Fiorentino et al. 2006) to constrain the pulsation mass of individual stars. This, in turn, can be related to the star formation history (SFH) of the host system, as already successfully done to all the ACs discovered so far in nearby galaxies Monelli et al. 2012; Fiorentino et al. 2012 ).
This paper is organized as follows. In Sect. 2 we give a full description of the sample selected from the OGLE-III survey of the LMC and of the Fourier analysis needed to measure the pulsation amplitude in V-band. In Sect. 3 we compare the OGLE-III data with the theoretical boundaries of the instability strip ). In Sect. 4, we describe the theoretical method used to simultaneously constrain the pulsation modes and the masses. Section 5 presents the radial distribution of different samples of variable stars in the LMC. The discussion and the conclusions close the paper.
The OGLE-III sample
We selected the 83 ACs identified in the short period Cepheids catalogue presented in Soszyński et al. (2008c) . The classification of the variable type is mostly based on the period-luminosity relation (PL), as detailed in Soszyński et al. (2008a,c) . In particular, the Wesenheit 1 index is a good diagnostic, because it includes the colour information (and therefore the temperature) of the star without being affected by the reddening evaluation. Using this plane, it is straightforward for separating Cepheids (classical and anomalous) from population II Cepheids (hereinafter P2C, which include BL Her, W Vir, and RV Tau), because the latter have, at a given period, significantly fainter magnitudes (Fiorentino et al. 2006, and references therein) . From the Wesenheit plane, it clearly emerges that and classical Cepheids occupy different regions. In particular, ACs are located at an intermediate position between classical Cepheids and P2C. 1 The Wesenheit index is defined as W = V − 2.54 × (V − I), where V and I are the apparent magnitudes. Soszyński et al. 2008c ). The star represents one P2C candidate from OGLE-III that we have included in our sample. The solid line represents the theoretical prediction for BL Her type stars from Di Criscienzo et al. (2007) , while the dashed line is the observed Wesenheit relation for fundamentalmode classical Cepheids (Soszyński et al. 2008a ).
However, the unambiguous distinction between anomalous and classical Cepheids is hampered by the fact that the first-overtone (FO) AC fall on the extension of the period-luminosity relation to shorter periods of the fundamental (F) classical Cepheids (period ∼ < 2.5 d Caputo et al. 2004; Soszyński et al. 2008c ). For these stars, the shape of the light curve is the most efficient diagnostic to separate the two groups. This picture is even more complicated by certain degeneracy existing with the RR Lyrae stars as well. Therefore, while ACs with periods longer than 1 d can be safely identified, in the short-period regime (< 1 d), brighter RR Lyrae stars and ACs can overlap on the period-magnitude plane. Moreover, the intrinsic similarities between the light curves of these two groups make the distinction uncertain.
The final classification from OGLE-III includes 83 ACs. On the basis of their location in the Wesenheit plane, 62 were classified as F and 21 as FO pulsators. We discuss the importance of the mode classification more fully in Sect. 4. To this sample, we added one star classified by OGLE-III as P2C (namely V-166), because it shares the pulsation properties of ACs, as we discuss in the next section. Figure 1 shows the (V, V − I) Wesenheit relation for the 84 stars. For comparison, we also show the theoretical relation for BL Her stars given by Di Criscienzo et al. (2007) , which are the subsample of the P2C class with a short period (P ≤ 4 d). The Wesenheit relation for fundamental-mode classical Cepheids has been taken from Soszyński et al. (2008a) .
In Table 1 we summarize some of the main properties provided by the OGLE-III catalogue: the first eight columns give, for each variable star, the identification number, the position (right ascension and declination), the mean V and I magnitudes, the period, the amplitude in the I band (A I ), and the mode classification. The V-band amplitude, A V , was not given because the number of phase points in the V-band (27 to 138) is typically a factor ∼ 10 smaller than in I (319 to 1299). Nevertheless, the minimum number of data points in the V band is 27 epochs, ensuring well-sampled light curves. For this reason, we performed the Fourier analysis on V-band photometry to give an independent estimation of the pulsation parameter and provide the amplitude A V . Taking advantage of the accurate periods given from OGLE-III catalogue, we estimated A V using the GRATIS code (developed by P. Montegriffo, see Fiorentino et al. 2010, and reference therein) . The results are reported in columns 9 and 10 of Table 1. The comparison with the OGLE-III mean magnitude reveals that this difference ∆ < V > is always less than about 0.05 mag. The total error budget on our evaluation gives σ(A V ) ∼ < 0.1 mag, thus perfectly suitable for the goals of the present analysis. The star V-82 was excluded because no V-band photometry is available.
Comparison with theoretical predictions
To properly compare theory and observations, we need to account for the distance modulus and the reddening of the host galaxy. The distance modulus to the LMC has been extensively discussed in the literature, since this galaxy is the cornerstone of the distance scale. We adopt here µ 0 = 18.50 mag, as given by a recent estimate using Red Clump stars observed in optical and near-IR (Fiorentino et al. 2011 ). This agrees with many of the measurements derived by independent methods, including classical Cepheids (Bono et al. 2002) , RR Lyrae stars (Catelan & Cortés 2008) , planetary nebulae luminosity function (Reid & Parker 2010) , the red clump, and the tip of the red giant branch (Romaniello et al. 2000) . The AC sample distributed across the whole area surveyed by OGLE-III, we cannot adopt a unique reddening value for all the variables. To correct the magnitude of each star for the appropriate extinction value, we used the reddening map recently derived by Haschke et al. (2011) using red clump and RR Lyrae stars from the same OGLE-III release. In particular, we assumed the reddening value, E(V − I), for the closest position available for each individual AC. This is reported in column 11 of Table 1. The mean reddening is E(V − I) ∼ 0.08 mag, and only one star has a value higher than 0.2 mag.
In Fig. 2 we show the comparison between the theoretical prediction for the boundaries of the pulsation instability strip (Fiorentino et al. 2006 ) and the sample of ACs. The top and bottom panels show, as a function of the logarithm of the period, the absolute mean colour (< M V > − < M I >) and the absolute mean < M V > magnitude, respectively. The agreement between theory and observations is good in both cases and for all the objects (the symbols are the same as in Fig. 1 ). The star, classified by OGLE-III as population II Cepheids, seems to fully agree with AC observational properties. We note that there are few outliers in the upper panel. This is possibly due to the uncertainty in the reddening determination, with directly affects the true colour of stars. Nevertheless, this comparison suggests that the correction for reddening applied is satisfactory for most of the objects.
Constraining masses and pulsation modes
AC stars follow well-defined relations, which are the periodmass-amplitude relation (PMA) and the mass dependent periodluminosity-colour relation (hereinafter PMC). Here, it is worth mentioning that this theoretical scenario was used for classical Cepheids to constrain pulsation masses with very high precision (1%) and returned values in good agreement with dynamical masses (e.g. Pietrzyński et al. 2010; Pietrzynski et al. 2011 ;
Fig. 2.
Comparison between theoretical models and OGLE-III observations. The distance modulus assumed for LMC is µ 0 = 18.50 mag (Fiorentino et al. 2011) , and the individual reddening values are assumed using the reddening map given by Haschke et al. (2011) (see text for details). The coding of the colours is the same as in previous figures. Top -(< M V > − < M I >) 0 colour vs period (log P) diagram are compared with theoretical blue (solid line) and red (dashed line) edges of the instability strip ; Bottom -Absolute magnitude (M V ) vs period (log P) plane compared with the theoretical first overtone blue (solid line) and the fundamental red (dashed line) edges of the instability strip. 
where M V , M I are the absolute intensity-weighted mean V, I magnitudes, P is the period, and A V is the amplitude in the V-band. In this work, we assumed reddening law from Cardelli et al. (1989) . The formal uncertainty on the derived masses is 5% using the PMC and 15% using the PMA . It is worth mentioning that the comparison of the masses derived with a different relation is independent of the distance modulus adopted, but it does depend on the reddening correction applied. Assuming the OGLE-III classification, we estimated the mass of each star, which is reported in Table 1 . We provide the mean mass from Eqs. 1 and 2 in the case of F, and the mass from Eq. 3 for FO. For three objects, we were not able to estimate a reliable mass, e.g. the mass estimated for the FU V-24 and V-59 with Eqs. 1 and 2 shows high discrepancies, and the mass estimated for FO V-28 is too high (∼ 2.3M ⊙ ) for an AC. A method is discussed in Marconi et al. (2004) which uses the previous relations to simultaneously constrain the pulsation mode and the mass of the star. This method is based on the fact that the PMA relation is only valid for the F pulsator, whereas the PMC exists for both pulsation modes. Therefore, whenever the PMA and the PMC for F pulsators give consistent mass, this is a robust indication that the star is actually pulsating in the fundamental mode. The correct mode classification is important because it affects the mass determination. For the same luminosity and colour, we expect F pulsator to be more massive than FO pulsators. However, the usual diagnostics used for other classes of variable stars, such as the Bailey diagram (A V vs log P plane) or the light curve morphology, do not allow the pulsation mode to be uniquely constrained. For this reason, we applied the method given in Marconi et al. (2004) to check whether the mode classification based on the Wesenheit index (provided by the OGLE team) is consistent with theoretical pulsation predictions. Figure 3 compares the mass values obtained using Eqs. 1 and 2. The grey line shows the relation of equality. Assuming the formal error for the theoretical relations, we classified as F pulsators all the stars for which the mass difference is within the sum of the two 1 − σ errors. For a better identification, we have also classified F pulsators all those stars that did not pass the previous criterion, but show high PMC masses ( ∼ > 2.5M ⊙ ), which are unrealistic in the adopted theoretical scenario. Out of 83 stars, we then classify 66 F and 17 FO, as reported in the last column of Table 1 . Three stars (V-24, V-28, and V-59) present a large mass difference and also an atypical amplitude ratio, and at least in one case, a very red colour. This suggests that they might be blended sources, so they are reported as unclassified in Table 1 (n.c.). Moreover, V-166 previously identified as P2C turns out to be an AC pulsating in F mode.
The comparison with the OGLE-III classification reveals some discrepancy. Out of 19 FO for which we could estimate the pulsation mode, we only recover 12. The remaining seven stars were classified as fundamental mode pulsators with our method, and are labeled as "F**" in Table 1 and highlighted in Fig. 3 . For these stars, we also report, in parenthesis, the mass value corresponding to the F mode given by our classification. For these stars the FO mass value has a reliable value, systematically ∼ > 1M ⊙ . Then, masses of these "F**" stars are compatible with both F pulsators with relatively higher mass, and FO pulsator of lower mass.
On the other hand, there are three stars, flagged with "FO*" in Table 1 and classified as FO, differently from the OGLE-III work. For these stars, the masses derived with the PMC result to be always higher than the ones derived with the PMA (less than 1 ∼ M ⊙ ), in disagreement with the general behaviour . Their position in Fig. 3 shows that they are close to the bulk of F−mode stars.
To investigate the reason for these differences, we recalculated the masses of the 12 outliers varying the values of the reddening and the amplitude A V (which could be affected by blending). We found that, while modifying the amplitude has little or no effect, modifying the reddening value has a stronger effect. As an example, increasing the reddening of 0.1 changes the classification of 2 FO (FO* in table) out of 3 to F and 5 F (F** in table) out of 7 to FO. This is an indication that the uncertainty on the reddening is the dominant source of error in the present analysis.
In Fig. 4 we show the Wesenheit relation, similar to Fig. 1 , (top) and the P − A V (bottom), and we highlight in both panels the stars for which we find a different mode classification, as in Fig. 3 . We note that the FO our method recovers as F all lie on the lower envelope of the FO relation in the Wesenheit plane, thus supporting the classification's consistency with both FO and F modes. Also, the Bailey diagram clearly shows that, as opposed to the case of RR Lyrae stars, this plane is not an efficient diagnostic to separate F and FO pulsators. In fact, while the shortest period ACs are clearly FO, while those with large amplitudes tend to be F, there is a clear degeneracy in the low-amplitude regime, for periods with -0.2 ∼ < log P ∼ < 0.1 d. 
Spatial distributions of variable stars
To better understand the origin of ACs we take advantage of the extensive and complete sample of variable stars discovered by OGLE-III survey of the LMC, namely 22,651 RR Lyrae (ab and c type), 203 P2C, and 3,087 young classical Cepheids (F and FO only). The Magellanic clouds are the only galaxies where such an extensive variable star study has been performed, covering variables with a wide range of periods. The total area covered of the LMC by the OGLE-III project is 39.7 square degrees and samples the central regions of the galaxy. In particular, it covers the bar and the inner disc out to a maximum distance of ∼ 5 kpc. However, the distribution of OGLE-III fields follows the bar direction from north-west to south-east. Also we note that the size of the LMC is significantly greater than the area covered by OGLE-III (e.g. Saha et al. 2010) . Nevertheless, the present data set allows studying the spatial distribution of the different samples of variable stars over the central region of the galaxy, thus tracing the parent population. As a matter of fact, the RR Lyrae stars and the P2Cs are horizontal branch stars tracing the old and predominantly metal-poor population ([Fe/H] ∼ < − 1, dex), while the classical Cepheids trace the young and mainly metal-rich ([Fe/H] ∼ > − 0.5 dex) stars. As shown in Fig. 5 , the spatial distribution of young stars is concentrated at the centre of the galaxy, nicely tracing the bar region where the star formation occurred at very recent epochs ( ∼ < 0.5 Gyr ago). Also, there are two clear overdensities at the end of the bar at ∼ 85 and 74 degrees. On the other hand, the RR Lyrae stars seem to follow a much broader uniform distribution as is usually observed in other galaxies (Monelli et al. 2010a (Monelli et al. ,b, 2012 de Boer et al. 2011) . Interestingly, the ACs do not seem to obviously follow either of the two previous distributions. In particular, while the majority seems concentrated in the innermost regions, where the bulk of the RR Lyrae stars is located, they are not usually placed in the bar. Moreover, there is a clear overabundance in the east direction (RA ∼ > 87 degrees), where the density of both RR Lyrae and Cepheids has significantly decreased. A similar excess does not seem to be present on the other side of the galaxy.
To better compare the spatial distribution of the different class of variable stars, we built the cumulative distributions as a function of the galactocentric radius using the LMC model from van der Marel (2001) to derive the deprojected distance from the centre. They are shown in Fig. 6 for the RR Lyrae stars, classical, P2Cs, and ACs. We have also computed, using a KolmogorovSmirnov test, the probabilities that the various sample are drawn from the same parent population as the RR Lyrae stars. We found that this is 0% (5 × 10 −9 %) for classical Cepheids, 0.2% for ACs, 9 L ⊙ ) and square, respectively. The solid line show the fit to the relation for the old systems only, while the dashed line is the fit to the four crosses. We note that the present value for the LMC is a lower limit, since ACs have so far been detected only in the central region of the LMC. However, the LMC is known to be significantly larger, possibly occupying an area ∼ 9 times larger (see e.g. Irwin 1991; Majewski et al. 2009; Saha et al. 2010) . and 87% for P2C. Therefore, the P2Cs seem to follow the same distribution of the RR Lyrae stars, in agreement with the fact that they both originate in the old population. We have also computed the probability that the ACs come from young classical Cepheids, which is 8%. To avoid possible bias from the area covered by the OGLE-III survey, we repeated these estimations using only subgroups of stars located at distances within 2, 3, and 4 kpc from the LMC centre. We find that the probability that the distributions of the RR Lyrae and P2C coincide is always above 75%, while that of RR Lyrae and classical Cepheids is always below 1%. In the case of ACs and RR Lyrae stars, the probability widely fluctuates but, with some hint of decreasing probability for increasing the limit radius, ranging from 32, to 10, to 0.5% in the three cases.
These tests do not show any clear similarity between the distributions of ACs with either that of classical Cepheids or RR Lyrae stars. This suggests that they are not uniquely correlated either with the old or with the youngest LMC population.
Discussion of the origin of ACs
The theoretical scenario that explains the structure, evolution, and pulsation properties is settled for different classes of pulsating variable stars. This has strong implications in the study of the star formation history of galaxies, because it is possible to characterize the properties of the parent population (e.g., age and metallicity) by investigating the bright variables associated. However, the presence of ACs does not uniquely identify the nature of their progenitors. The two most favoured formation channels are the evolution of single, metal-poor star with mass ∼ < 2M ⊙ , or the evolution of coalescent binary systems of metalpoor stars. Independent of the formation mechanism, a crucial characteristic of the progenitor for producing an AC appears to be its low metallicity. In fact, central-helium burning structures in the AC mass range, but more metal-rich than Z ∼ 0.0008 (Gallart et al. 2004a; Fiorentino et al. 2006) , are too red to enter the Cepheid instability strip and populate the red clump. To have pulsators at higher metallicity, the mass of the progenitor must be higher. In this case, the star will cross the strip at higher luminosity producing short period classical Cepheids, which ignite the helium quiescently. In particular, the minimum mass of central helium-burning pulsators crossing the instability strip increases from 1.9M ⊙ (for Z = 0.0004) to 3.6M ⊙ (for Z = 0.008, Caputo et al. 2004) .
The binary origin is a plausible explanation of ACs having been ubiquitously discovered in low-density, very metal-poor environments (Z ≤ 0.0008), such as nearby purely old dwarf galaxies. In fact, ACs have been observed in dwarf galaxies that do not show any intermediate-age population, such as Draco, Ursa Minor, Sculptor, Sextans, Tucana, LeoII, and Cetus. This implies that, at least in these galaxies, ACs must be the progeny of metal-poor, binary systems. On the other hand, very few systems have been discovered to host both classical and anomalous Cepheids. Gallart et al. (2004b) first pointed out this occurrence in the case of the transition dIrr/dSph galaxy Phoenix, supporting the evidence that the same applies to Sextans A and Leo A. Comparing the spatial distribution of different samples of stars in Phoenix, Gallart et al. (2004b) find that, while classical Cepheids are strongly segregated in the central regions, following the spatial distribution of the youngest population, the ACs are distributed over a broader area, but are still more concentrated than the RR Lyrae stars, which can be safely taken as representative of the old population. This suggests that the ACs in Phoenix are mostly intermediate-age stars, though the possibility that a few are BSS descendents cannot be excluded. This implies that, despite its prolonged star formation until epochs that are recent enough to produce classical Cepheids, Phoenix experienced little chemical enrichment, in agreement with Hidalgo et al. (2009) , and the 1 − 6 Gyr old population was still metal-poor enough to produce ACs.
The case of LMC
The case of the LMC presented here is probably more complex, since the LMC is two orders of magnitude more massive than the typical satellite dSph, and has a complex structure (i.e. disc and bar). Nevertheless, until the work by Soszyński et al. (2008c) , no ACs had been unambiguously detected. The present sample of 84 objects is the largest so far for any external galaxy. The coexistence with large samples of different variable stars allowed us to compare the radial distribution of these objects using a Kolmogorov-Smirnov test. We found that the present sample of ACs cannot be associated to the young classical Cepheids. It must be stressed here that given the large sample of AC and classical Cepheids in the LMC, their different nature clearly appears for the first time. Despite ACs occupy the same instability strip of the classical Cepheids as suggested by Caputo et al. (2004) and populate the low-mass and low-metallicity extension, it is clear that the two groups follow different Wesenheit relations (Soszyński et al. 2008c ). We also found that the radial distribution of ACs do not correlate with the oldest population, as represented by RR Lyrae and P2C, suggesting that, as for of case of Phoenix (Gallart et al. 2004b) , a large fraction of single intermediate-age stars is present.
To investigate this hypothesis, we interpreted the properties of ACs in the full picture of the LMC star formation history. Given the mass derived in this work (see Sect. 4), which is 1.2 ± 0.2M ⊙ for the bulk of ACs, we can estimate the corresponding age. Using scaled solar evolutionary tracks from the BaSTI 2 (Pietrinferni et al. 2004 ) database, we find ages from 1.8 to 5.8 Gyr, assuming Z=0.0006. However, the age-metallicity relation (AMR), based on spectroscopic analysis, as presented in recent years (Cole et al. 2005; Carrera et al. 2008 Carrera et al. , 2011 , reveals that the mean metallicity in this age range is an order of magnitude greater than the expected maximum value for ACs, being close to Z=0.008. Interestingly, the spatial analysis by Carrera et al. (2008) and Carrera et al. (2011) reveals that, in a number of disc fields at different distances from the LMC centre, but also in the bar field from Cole et al. (2005) , the metallicity distribution always presents a well-populated tail toward low metallicity (Z ∼ 0.0004), but the most metal-poor stars are systematically older than 10 Gyr. This occurrence seems at odds with our hypothesis that the bulk of ACs are metal-poor intermediate-age stars. However, one could ask whether, due to the limited number of spectroscopic targets so far analysed, we are facing an observational bias, and that very few metal-poor stars exist in the age range from ∼ 2 − 6 Gyr.
We can attempt to estimate the percentage of the mass involved in the star formation episode that generated the ACs, following the simple prescriptions given in Renzini & Fusi Pecci (1988) , which hold for each post-main sequence phase. The number of ACs (N AC = 84) observed is related to the total luminosity (L Z<0.0008 ) of the population they belong to via the following relation: N AC = B(t)L Z<0.0008 τ. Where B(t) is the specific evolutionary flux (∼ 0.15 × 10 −10 stars per L ⊙ yr −1 , see Renzini & Fusi Pecci 1988) , τ is the time spent in the instability strip for a mass of about 1.2M ⊙ (∼ 50 Myr, see Fiorentino et al. 2006) , and L Z<0.0008 results to be 1×10 5 L ⊙ . This value is very low related with the total luminosity of the LMC (L T OT = 2×10 9 L ⊙ ), even if we account for the limited area covered by the OGLE-III survey. Therefore, the corresponding expected total number of stars from this population is very low, a few thousand over the whole field-of-view, implying that few stars brighter than the Horizonal Branch are expected per square degree. This strongly suggests that such a small event cannot be properly sampled by the SFH analysis or spectroscopic investigation of incomplete samples. This in turn highlights the key role of ACs in this context. In fact, the discovery that a small amount of gas was still poorly enriched 6 Gyr ago gives additional constraints to the star formation history that have to be accounted for in the formation and evolution modeling of the LMC.
Finally, we want to briefly comment the possibility that ACs are young, but metal-rich stars looks unfeasible. Stars with metallicity close to Z = 0.008 are expected to be significantly more massive to enter the instability strip during the central helium-burning phase, with respect of more metal-poor stars. Even if we invoke unusually high mass loss to reconcile with the low-mass we estimated in this work, the mass of the helium core would not change significantly, leaving us with brighter stars, which would be at odds with the observed properties of ACs.
2 http://albione.oa-teramo.inaf.it/ 6.2. Comparison with other galaxies ACs appear to be intrinsically rare objects. This is valid in general for nearby dwarf galaxies and for the LMC in particular. The OGLE-III projects surveyed more than 35 million stars, and only 84 ACs were detected. In this case, we can safely assume that the completeness is very high, both because of the large number of measurements and the photometric quality of the data.
Nevertheless, Mateo et al. (1995) first notice that a correlation exists between the frequency of ACs (log S , per 10 5 L ⊙ ) and the total luminosity of the host galaxy (M V ), valid for many nearby satellites. In particular, it was found that the frequency of ACs decreases for increasing luminosity of the host galaxy. Pritzl et al. (2002) noticed that the surveyed M31 satellites also follow this trend, as does Phoenix (Gallart et al. 2004b) . Figure 7 shows the frequency of ACs as a function of the absolute visual magnitude of the host galaxies. We used the data from Table 5 of Pritzl et al. (2004) , to which we added the values for Phoenix (Gallart et al. 2004b) , Cetus (Bernard et al. 2009 , Monelli et al. 2012 , Tucana (Bernard et al. 2009 ), Andromeda I, and Andromeda III (Pritzl et al. 2005) . The symbols used in the figure differentiate the objects according to their SFH (see the caption for details). In particular, we represent purely old systems (i.e. Ursa Minor, Draco, Sculptor, Leo I, Sextans, Tucana, and Cetus) and dwarf galaxies characterized by an important intermediate-age population (Carina, Fornax, Phoenix, and LeoII). We also plot four M31 satellites (And I, And II, And III, and And VI), for which the data available are not deep enough to set tight constraints on their SFH. In fact, the photometry reaches roughly one mag below the horizontal branch, and it is impossible to clearly detect the presence of a strong intermediate-age population (for example, compare with Carina in Fig. 1 of Harbeck et al. 2001) .
The two lines are the fits to the two group of galaxies. The plot suggests that purely old systems and intermediate-age population systems follow different relations. In particular, when an intermediate-age population is present, the frequency of ACs tends to be higher than expected from a purely old population, and the discrepancy increases for increasing luminosity. The underlying physical mechanism of such a relation is unclear. However we only expect ACs resulting from the evolution of binary systems in purely old systems. Thus, the correlation with the luminosity, hence the mass, of the host galaxy may indicate that binary systems have higher chances of surviving in lowmass systems. It is worth recalling in this context that a similar correlation has been found for BSSs. In fact, Momany et al. (2007) have first shown that the frequency of BSS with respect of the number of horizontal branch stars decreases for increasing luminosity of the host galaxy. This might be an independent evidence that an evolutionary link exists between the binary systems, BSSs, and ACs. If such a correlation could be explained this way for purely old systems, the fact that galaxies known to have intermediate-age population present an excess of ACs, compared to purely old galaxies, would be simply due to the coexistence of ACs formed via both formation channels. Among the four M31 satellites, two follow the fit of the old dSphs (And II, And III), while two present an apparent excess of ACs (And I, And VI). This is possibly because the small fraction of these galaxies covered by the data for these galaxies introduces some bias, but it is also possible that And I and And VI host some intermediate-age population, at present undetected but responsible for this effect.
What seems really surprising is that both Magellanic clouds appear to follow the same relation of these four galaxies, but in a significantly higher luminosity regime. It is also interesting to note that the SMC hosts very few ACs candidates (3 F and 3 FO Soszyñski et al. 2010) . As for to the LMC, it presents an excess of ACs, thus supporting that it is possible that a small population of intermediate but metal-poor stars exists.
The new OGLE-IV survey will possibly shed light on this problem. In fact, it is well known that a significant age gradient is present in the disc of the LMC Carrera et al. 2011) in the sense that the age of the youngest population gets older for increasing radius. This means that, starting from a certain distance, we do not expect any population that is young enough to produce ACs, thus leaving only the BSS aftermath, if present. Moreover, the absence of young main sequence stars will permit direct detection of BSSs, thus allowing a direct correlation with ACs. The distance where this is expected to occur is far beyond the present coverage of the OGLE-III survey, but it will be definitely covered by OGLE-IV, at present in execution. Stronger constraints on the formation mechanisms of the ACs in the LMC are therefore expected in the near future. Also, a systematic investigation of the M31 satellites to derive the details of their SFH, which is at present perfectly feasible for the ACS and WFC3 cameras on-board the Hubble Space Telescope, would help solve this problem.
Conclusions
We have analysed the pulsation and spatial properties of 83 ACs discovered by the OGLE-III survey in the LMC. The main results obtained are the following:
• We classified one star (V-166), previously identified as P2Cs, as bona-fide ACs, thus increasing this total number to 84 stars.
• We performed the Fourier analysis of the V-band data, deriving the V-band amplitude A V and mean V values for the 83 stars for which the V photometry is available, with only one excluded (V-82). We then applied the method introduced by Marconi et al. (2004) to simultaneously derive individual masses and pulsation modes. We find good agreement with the OGLE-III classification for most of the stars (∼ 85%), based on the Wesenheit relation and the morphology of light curves. The mass of the ACs ranges from 0.8 to 1.8 M ⊙ , with a mean value of 1.2 ± 0.2M ⊙ .
• The large sample of ACs allowed, for the first time, to unambiguously show that anomalous and classical Cepheids are different. In fact, even though they populate the same instability strip, they follow distinct period-luminosity relations and different spatial distributions.
• We compared the spatial distribution of the ACs with that of other samples of variables (RR Lyrae, P2C, classical Cepheids) using a Kolmogorov-Smirnov statistical test. We found that RR Lyrae and P2C, both bona-fide representatives of the old population (> 10 Gyr) follow the same distribution, which is different from that of the young classical Cepheids. The distribution of ACs does not resemble any of the other samples. We conclude that a large fraction of the ACs descend from single, metal-poor, intermediate-age stars that are 1 − 6 Gyr old.
• The comparison with the presently available SFH and AMR shows that such a population is negligible. We show that the total mass formed in that star formation event is about 5 × 10 −5 the total mass of the LMC, thus resulting in very few stars that are very unlikely to be observed in spectroscopic surveys or in statistical approaches to derive the SFH. This shows the importance of variable stars and rare objects like ACs for giving independent constraints on the modeling of galaxy evolution.
• We reanalysed the frequency-luminosity relation discovered by Mateo et al. (1995) , showing that, if only purely old systems are considered, the correlation is tighter and steeper. The objects that present important intermediate-age population tend to larger AC frequency, suggesting that ACs formed from single stars are also present.
The detection and characterization of ACs at much greater distances from the LMC centre would be very interesting. In fact, given the strong gradients in the LMC stellar population, starting from ≈ 8 Kpc the young population completely disappears. The detection of ACs in these regions of the LMC would strongly point to the binary origin.
